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H I G H L I G H T S

c The internal quantum efficiency (IQE)
of light-emitting diodes (LEDs) was
studied.

c An AlxGa1�xN/GaN multi-quantum-
barrier was added as the electron
blocking layer.

c The structure parameter was opti-
mized.

c The IQE is increased to 63.7% after
optimization.

G R A P H I C A L A B S T R A C T

A developed electron blocking layer was studied and its structure parameters were optimized. The IQE
is significantly increased for the optimized structure parameters. Effect of the Al compositions on IQEs
for SB-EBL and MQB-EBL.
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a b s t r a c t

We study the internal quantum efficiency (IQE) of light-emitting diodes (LEDs) with an added

AlxGa1�xN/GaN multi-quantum-barrier as the electron blocking layer (EBL) and optimize the structure

parameter. Comparison was performed under same running conditions for LEDs with a single-barrier

EBL (conventional design) and multi-quantum-barrier EBL. The numerical simulation shows that the

IQE is significantly increased to 63.7% for the optimized structure parameters due to the modified

energy band diagrams which are responsible for the enhanced carrier concentration in the active

region.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the III-nitride-based LEDs are widely used due to the
low energy consumption, long lifetime and compact size [1–4].

Applications include full-color displays, automotive headlights,
general lighting to replace cold cathode fluorescent lump, etc. For
high power applications, LEDs operate at high current densities,
yielding remarkable efficiency droops. The reduced electron
injection efficiency into quantum wells by electron leakage due
to the low hole mobility in p-type AlGaN layers accounts for the
reduction of the LED efficiency.

For the purpose of electron injection efficiency improvement,
an EBL inserted between the multi-quantum wells and the p-type
layer, is attractive to suppress the overflow of electrons from
quantum wells into the p-type layer [5–8]. At this stage, the
AlGaN EBL has been widely applied in III-nitride-based LEDs.
However, it is known that the large polarization field in the AlGaN
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EBL decreases the effective barrier height for electrons, and the
hole injection is degraded by the barrier height between the last
barrier and the EBL [9]. Thus new designs are reported to over-
come such shortcomings. Recently, the polarization-matched
InAlN or AlInGaN EBLs were proposed to replace the AlGaN EBL
and they are proved to be more effective for electron confine-
ment. However, it is difficult to fulfill the epitaxy and the crystal
quality of the subsequent p-type GaN layer is degraded. Alter-
natively, a multi-quantum-barrier EBL (MQB-EBL) can also be
used to replace the AlGaN EBL to suppress the electron overflow.
Iga et al. [10] theoretically predicted that the multi-quantum-
barrier can raise the ‘‘effective’’ barrier height in 1986 firstly. Such
effect was experimentally verified for the red laser diodes with a
new GaInP/AlInP MQB by Kishino et al. [11] in 1991. Since then,
the new Mg-doped AlGaN/GaN MQB structure have showed a
significant improvement for doping efficiency which is ten times
higher than that of the p-type GaN [12–14]. However, Refs.
[12–14] only studied the material characteristics, which had not
been used for the LEDs. Following then, various MQB-EBLs have
been proposed and applied in LED chips. Hirayama et al. [15]
reported significantly increased external quantum efficiency with
an AlGaN/AlGaN MQB-EBL. Kim et al. [16] introduced an AlGaN/
GaN/InGaN superlattice to suppress the electron overflow and
enhance the hole transport to InGaN quantum wells. Wang et al.
[17] explore the effect of Al0.3GaN0.7/GaN short-period super-
lattice-inserted structures in the GaN under-layer on the perfor-
mance of multi-quantum well LEDs, in their work the superlattice
structure was not used as EBL. Though these investigations have
confirmed that the MQB structures is effective to improve the LED
efficiency at high current densities, these designs only focus on
one degree of freedom such as the energy gap, equivalently, the Al
molar fraction. The MQB structures reported in the literature are
listed in Table 1, which help readers to understand the differences
between the past study and the present study.

To the authors’ knowledge, fewer studies have been performed
on the structure optimization. We note that there are many
parameters of MQB structure influencing the LED performance.
These parameters are coupled with each other. The structure
optimization is quite necessary for LED practical applications.
Besides, the concentration of each species is important to affect
the LED performance. For instance, Hirayama et al. [15] recom-
mended the Al0.95Ga0.05N/Al0.77Ga0.23N MQB structure. It is not
known that the 95% aluminum concentration is the optimized
one. Thus the species concentration should be further optimized.

The objective of this paper is to identify the effect of various
parameters of the AlxGa1�xN/GaN MQB-EBL on the IQE for LEDs
using a non-isothermal multi-physics coupling model, based on
which an optimal AlxGa1�xN/GaN MQB-EBL structure is pre-
sented. Comparison was performed under same running condi-
tions for LEDs with a single-barrier EBL (conventional design) and
multi-quantum-barrier EBL. The mechanisms that new MQB-EBL
structure improves the LED performance are also discussed.

2. Device structure and simulation parameters

The LED is grown on a c-plane 100 mm thick sapphire sub-
strate, followed by a 50 nm thick un-doped GaN buffer layer.
Next, a n-type GaN layer (3 mm thick, doping concentration of
5�1018 cm�3) is deposited on the buffer layer. The active region
consists of five 4 nm thick un-doped In0.08Ga0.92N quantum wells
sandwiched by six 10 nm thick In0.02Ga0.98N barriers. On the top
of the active region, an EBL is deposited. Finally, the chip is
completed with a 250 nm thick p-type GaN cap layer with a
doping concentration of 1.2�1018 cm�3. The substrate and active
region have widths of 300 mm and 200 mm, respectively. The
widths are 50 mm and 70 mm for the n-contact and p-contact
respectively. Fig. 1 shows the schematic diagram of the studied
LED chip.

To investigate the effect of MQB-EBL on the electron overflow
from active region to p-type layer, two different EBLs were used
deliberately after the growth of the In0.02Ga0.98N/In0.08Ga0.92N
quantum wells. The first is an AlxGa1�xN single-barrier EBL
(SB-EBL) with Mg doped. The second is the MQB-EBL with Mg
doped. AlxGa1�xN and GaN are called quantum barrier and
quantum well, respectively. Because the Al composition,
p-doping level, barrier-to-well thickness ratio, thickness of
barrier–well-pair and number of AlxGa1�xN/GaN pairs influence
the MQB-EBL performance, a comprehensive parametric study
shown in Table 2 is performed to obtain optimal IQE for LEDs.

Initially the Al composition over a range of 10–30% was
optimized with a Mg-doped concentration of 3�1017 cm�3, thick-
ness ratio of barrier-to-well of 2.40, barrier-well-pair thickness of
20 nm, and pair number of 4. Then the Mg-doped concentration
over a range of 1�1017–1�1018 cm�3 was optimized with the
constant values of the rest three parameters using the above
optimized Al composition. The thickness ratio of barrier-to-well
(0.13–7.5), barrier-well-pair thickness (4.25–25.50 nm) and pair

Table 1
MQB structures used in Refs. [10–17] and the present study.

References Structure details Comments

Iga et al.

[10]

MQB theoretical model No applications in LED.

Kishino

et al. [11]

GaInP/AlInP MQB The enhanced carrier confinement effect of MQB in lasers is demonstrated.

Kozodoy

et al. [12]

Al0.2Ga0.8N/GaN supperlattice High-p-type conductivity of Mg-doped Al0.2Ga0.8N/GaN superlattices is demonstrated.

Kim et al.

[13]

Al0.17Ga0.83N/Al0.36Ga0.64N supperlattice The structure exhibits strong p-type conductivity.

Wang et al.

[14]

Al0.14GaN0.86/GaN superlattices with AlN

interlayer

The structure markedly decreases the effective acceptor activation energy which is beneficial for high p-type

conductivity.

Hirayama

et al. [15]

Al0.95Ga0.05N/Al0.77Ga0.23N MQB Significant increase in the external quantum efficiency was observed.

Kim et al.

[16]

AlGaN/GaN/InGaN supperlattice Optical output power with stable temperature characteristic can be achieved in InGaN based LED by

introducing AlGaN/GaN/InGaN supperlattice in EBL.

Wang et al.

[17]

Al0.3Ga0.7N/GaN short-period-

superlattice-inserted structures

The structure enables the improved LED performance (not used as EBL).

Present

study

AlxGa1�xN/GaN MQB-EBL The general idea of the proposed MQB structure is similar to the above studies, but we focus on the

concentration effect of each species and all the related parameters on the LED performance. The optimization

of these parameters is performed.
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number (4–24) of MQB-EBL are optimized in a similar way. Thus a
set of optimal parameters are obtained.

3. Numerical model

A complete multi-physics-field-simulation model is used here,
incorporating the thermal generation and dissipation effect con-
sidered by energy equation over an entire LED. The model
assumes that: (1) the LED chip operates in a steady state, (2)
there is no thermal contact resistance at the hetero-interface

between two adjacent layers and temperature and heat flux are
continuous across such internal interfaces, and (3) the isothermal
boundary condition is used on the bottom substrate surface with
a temperature of T¼313 K. Other surfaces enclosing the LED chip
are adiabatic. The model includes the Poisson’s equation for
potential distribution, current continuity equations for transport
and distribution of electrons and holes in LED structure, energy
equation for temperature distribution. We solve the Poisson and
Schrödinger equations for the carrier discrete energy levels and
wave functions in quantum wells self-consistently. Besides, the
energy band structures are calculated based on a self-consistent
6-band k�p method for wurtzite semiconductor [18]. Most of
parameters for material properties such as GaN, AlGaN and InGaN
are cited from Ref. [19]. The governing equations and other
relevant physicochemical parameters in governing equations
can be found in Ref. [20].

4. Results and discussion

4.1. Alloy composition

Fig. 2 shows the effect of Al composition on the IQE for SB-EBL
and MQB-EBL. The Mg-doped level and EBL thickness are
3�1017 cm�3 and 20 nm respectively for both structures. The
barrier-to-well thickness ratio is 2.4 with the barrier-well-pair
number of 4 for the MQB-BEL. It is found that the IQE of MQB-EBL
is higher than that of SB-EBL if the Al composition is less than
20%. The better performance of MQB-EBL exists only at high
injection current if the Al composition is larger than 20%. In the
latter case the IQE of MQB-EBL is increased slightly with increases
in injection currents, indicating that the efficiency droop does
not occur.

The higher IQE of MQB-EBL than that of SB-EBL at Al composi-
tions less than 20% is explained as follows. On the one hand, the
AlGaN film generally suffers from lower hole concentration
caused by the higher Mg acceptor activation energy, yielding
the lower p-type conductivity. Because the MQB-EBL structure
includes p-GaN layers, the activation energy is lower for Mg
dopant in the GaN than that in the AlGaN. The Mg dopant is more
easily activated in the p-type AlGaN/GaN MQB-EBL than that in
the single-barrier AlGaN EBL. Thus the effective barrier height of
AlGaN/GaN MQB-EBL is higher than that of the AlGaN SB-EBL
(Fig. 3). On the other hand, based on the reflectivity ratio and
transition ratio of electrons in multi-quantum-barrier computed
by the one-dimensional Schrödinger equation (Iga [10]), the
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Fig. 1. Schematic diagram of the LED. (a) The entire LED chip; (b) two different

EBL structures.

Table2
Parameters for MQB-EBL for the optimization computations.

Al

composition

(%)

p-doping

level (m�3)

Barrier-to-well

thickness ratio

Barrier–well-pair

thickness (nm)

Barrier–

well-pair

number

10 1�1017 0.13 4.25 4

15 3�1017 0.42 8.50 8

20 5�1017 1.00 12.75 12

25 8�1017 2.40 17.00 16

30 1�1018 7.50 21.25 20

– – – 25.50 24
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Fig. 2. Effect of the Al compositions on IQEs for SB-EBL and MQB- EBL.
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electron reflectivity is significantly increased in MQB-EBL than
that in SB-EBL. Correspondingly, the effective barrier height is
increased in MQB-EBL. Thus the MQB-EBL structure enhances the
confinement of electrons. Due to the increased barrier height and
reflectivity ratio of electrons, the current leakage in MQB-EBL is
significantly smaller than that in the SB-EBL (Fig. 4). It is also
noted that an important reason for the reduced recombination
rates of electrons and holes in quantum wells is the great strain in
SB-EBL structures. But the AlGaN/GaN MQB-EBL has smaller
strain than the SB-EBL structure [21], improving the recombina-
tion rates in quantum wells.

The barrier heights of conduction band and valence band are
further increased with increases in the Al compositions beyond
the value of 20%. It is difficult for electrons to overflow from
quantum well to p-type layer due to the low electron concentra-
tion and energy level at low current densities. Under such
circumstance the injection efficiency of holes is more important
than the overflow of electrons to influence the IQE. The higher
barrier height in the valence band in MQB-EBL prevents the holes
from injecting into quantum wells, causing lower IQE for MQB-
EBL than that for SB-EBL. At high current densities, more electrons
hold high energy levels due to the energy band filling effect. The
overflow of electrons from quantum wells to p-type layer

becomes the dominant mechanism to affect the IQE. Thus the
MQB-EBL has better performance than the SB-EBL.

Seeing from Fig. 2, the Al compositions have similar influences
on IQEs for both SB-EBL and MQB-EBL, i.e., the IQEs are increased
and then decreased with continuous increases in the Al composi-
tions. The optimal Al composition is 15%. The existence of an
optimal Al composition is attributed to that the electron overflow
is determined by two competitive mechanisms: one is the barrier
height of conduction band and the other is the hole concentration
in the p-type layer. With increases in the Al composition, the
increased barrier height of conduction band is helpful to prevent
electrons from escaping from quantum wells to p-type layer. On
the other hand, the higher Al composition induces higher activa-
tion energy and lower activation ratio for Mg in EBL. Meanwhile,
the higher Al composition also raises the barrier height of valance
band. Both the above two factors prevent holes injecting from
p-type layer into quantum wells, resulting in the higher hole
concentration in p-type layer. Han et al. [22] noted that the higher
hole concentration in p-type layer accelerates the escaping of
electrons from quantum wells to p-type layer. Therefore the
current leakage is controlled by the above two competitive
factors. Fig. 4 gave the strong evidence for the above analysis. In
summary, the effect of the increased barrier height of conduction
band on the escaping of electrons is important to influence the
IQE at low Al compositions over the range of 10–15%. But the
effect of hole concentration in p-type layer on the escaping of
electrons becomes important at higher Al composition such as in
the range of 15–30%. Fig. 5 further verifies the above analysis. At
the current of 400 A/m, both the concentrations of electrons and
holes attain maximum values at the Al composition of 15%. For
the quantum well close to the EBL, the concentrations of electrons
are increased by 15.97% and 37.58% at the Al composition of 15%
than those at the Al composition of 10% and 20% respectively for
MQB-EBL structure. Meanwhile, the concentrations of holes are
increased by 21.20% and 70.48% at the Al composition of 15% than
those at the Al composition of 10% and 20% respectively.

4.2. p-doping level

The doping level is another important parameter to affect the EBL
performance. Fig. 6 shows the effect of Mg-doped level on IQEs for
both SB-EBL and MQB-EBL at the same Al composition of 15%, coming
from the optimized value in Section 4.1. The EBL thickness is 20 nm,
and the barrier-to-well thickness ratio is 2.40 with the pair number
of 4 for MQB-BEL. As shown in Fig. 6, the IQEs are increased with
increases in the doping levels for both SB-EBL and MQB-EBL, and the
MQB-EBL performance is better than the SB-EBL. As reported by
Chiaria et al. [23], there are two reasons for the improved IQE by
increasing the doping levels: (1) the higher doping level makes more
holes available for recombining with electrons in the quantum wells
(Fig. 7) and (2) the highly doped EBL causes the quasi-Fermi energy
level of holes to approach the valance band edge, mitigating the
valence band offset (Fig. 8a). Fig. 8 shows the energy band diagram at
the p-doping levels of 1�1017, 5�1017 and 1�1018 cm�3, respec-
tively. Because it is much easier for the Mg-acceptor to be activated in
MQB-EBL than that in SB-EBL, the barrier height of conduction band is
increased faster in MQB-EBL than that in SB-EBL with increases in the
doping levels (Fig. 8b). Thus it is more effective for the MQB-EBL to
inhibit the escaping of electrons and reduce the current leakage than
that for SB-EBL when the doping levels are the same for both
structures. Besides, the higher doping levels weaken the efficiency
droop for both MQB-EBL and SB-EBL. Here the degree of efficiency
droop is defined as (IQEmax� IQEI¼600 A/m)/IQEmax. At the doping level
of 5�1017 cm�3, the degree of efficiency droop is 9.37% for MQB-
EBL, which is lower than the value of 22.22% for SB-EBL. Because the
doping level approaches the maximum limit of 1018 cm�3 for the EBL
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[23], the IQE cannot be further improved for SB-EBL at this stage. But
the IQE can be further increased for MQB-EBL under the doping
level limit.

4.3. Barrier-to-well thickness ratio of MQB-EBL

In addition to the effect of the Al composition and doping level,
the MQB-EBL performance is also strongly dependent on the
structure parameters including the barrier-to-well thickness
ratio, barrier–well-pair thickness and barrier–well-pair number.
The available studies reported a scattered distribution of the
barrier-to-well thickness ratios. Hirayama et al. [15] introduced
an Al0.95Ga0.05N/Al0.77Ga0.23N MQB-EBL with the barrier-to-well
thickness ratio of 2:1. Lee et al. [21] studied a four pairs
Al0.2Ga0.8N/GaN MQB-EBL with a constant barrier thickness of
3 nm. The thickness of the four wells was set as 0.5, 1.0, 1.5 and
2.0 nm, respectively. Lai et al. [24] studied an Al0.2Ga0.8N/GaN
MQB-EBL with the barrier-to-well thickness ratio of 0.86. Here we

identify the effect of the barrier-to-well thickness ratios covering
a wide range of 0.13–7.5 on the MQB-EBL performance to obtain
the optimal value. For such computations, the barrier-well-pair
thickness was 4.25 nm and the pair number was 4. Other para-
meters such as the Al composition and p-doping level are
specified as 15% and 1�1018 cm�3 respectively, optimized from
Sections 4.1 and 4.2.

Fig. 9 shows that the IQE is increased with decreases in the
barrier-to-well thickness ratio, with the optimal ratio of 0.13. We
explain the reason here. Fig. 10 identifies that the smaller barrier-
to-well thickness ratio causes larger barrier height of the con-
duction band. For instance, the barrier height of the conduction
band is 496.41 meV at the barrier-to-well thickness ratio of 0.13,
which is larger than the value of 412.39 meV at the barrier-to-
well thickness ratio of 7.5. Thus smaller barrier-to-well thickness
ratio is helpful to inhibit the escaping of electrons more effec-
tively. On the other hand, the barrier energy band is strongly
bending at larger barrier-to-well thickness ratio. But the bending
phenomenon is weakened at smaller barrier-to-well thickness
ratio. The bending of the energy band, caused by the polarization
at the interface between the quantum well and EBL, increases
the quasi-Fermi energy level of electrons. Thus there are more
electrons with high energy, enhancing the escaping of electrons.

4.4. Barrier–well-pair thickness of MQB-EBL

Fig. 11a shows the IQE versus the barrier–well-pair thick-
nesses of MQB-EBL. The computations were performed with the
following optimized parameters: the Al composition of 15%, Mg
doping level of 1�1018 cm�3, barrier-to-well thickness ratio of
0.13. The pair number is assumed be to 4. Fig. 11b shows the IQE
versus thickness of SB-EBL. For fair comparison, the Al composi-
tion, Mg doping level and total thickness in the SB-EBL are the
same as that in the MQB-EBL. It can be seen that the IQE is
increased monotonically with increases in the total EBL thickness
for SB-EBL; however, there is only a marginal improvement with
the total thickness larger than 88 nm. This finding is consistent
with that reported by Ref. [23]. But for MQB-EBL, IQEs are
increased to a maximum value and then are decreased with
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continuous increases in the barrier–well-pair thicknesses. The
optimal barrier–well-pair thickness is 8.5 nm with the maximum
IQE of 61.63%, which is significantly larger than the maximum IQE
value of 56.26% at the optimal thickness of 105 nm for SB-EBL.
Besides, introducing the MQB-EBL structure weakens the effi-
ciency droop phenomenon at high injection currents, which is
benefit for the LED operation at high injection currents. Seeing
from Fig. 12, the barrier height of conduction band are
489.52 meV, 504.09 meV and 443.43 meV at the barrier–well-pair
thicknesses of 4.25 nm, 8.5 nm and 25.5 nm, respectively. Thus
the maximum barrier height of conduction band takes place at
the barrier–well-pair thickness of 8.5 nm, providing the max-
imum capability to inhibit the escaping of electrons. Besides,
there is a strong band bending at the interface between the last
barrier and EBL at the barrier–well-pair thickness of 25.5 nm,
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which enhances the overflow of electrons and reduces the IQE,
hence the IQE is obviously less than that of thickness 4.25 nm and
8.5 nm.

4.5. Barrier–well-pair number of MQB-EBL

Fig. 13 shows the effect of barrier–well-pair numbers on the
IQEs. The computations were performed under the following
optimized parameters: the Al composition of 15%, Mg doping level
of 1�1018 cm�3, barrier-to-well thickness ratio of 0.13 and
barrier–well-pair thickness of 8.5 nm. The pair numbers are chan-
ged in the range of 4–24. There is a weak influence of the pair
numbers on IQEs at the injection current smaller than 250 A/m,
beyond which the effect of pair numbers becomes obvious. The
IQEs for MQB-EBL are 61.63%, 63.15%, 63.61%, 63.74%, 63.76% and
63.73% at the pair numbers of 4, 8, 12, 16, 20 and 24, respectively if
the injection current is 600 A/m. Thus it is concluded that further
increases of the pair numbers beyond 12 has weak improvement
on the IQEs. Fig. 14 demonstrates the band diagrams with the
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Fig. 10. Energy band diagrams for SB-EBL and MQB-EBL at various thickness ratio

for the current of 600 A/m.
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barrier–well-pair number varied from 4 to 24. It can be seen that
the barrier height is increased significantly for MQB-EBLs with
various pair numbers which suppresses the electron overflow. The
electron overflow is strong due to the tunneling effect for the pair
number less than 12. The barrier is thick enough to impede
tunneling current effectively for the pair number larger than 12.
Under such circumstance the effect of pair number on the IQE
is small.

5. Conclusions

A LED with added Al1�xGaxN/GaN MQB-BEL was numerically
studied. The structure parameters were optimized. The following
conclusions can be drawn.

1. Because MQB-EBL has high electron reflection ratio, high effective
barrier height and improved strain between quantum wells and
EBL, concentrations of electrons and holes in the active region for
MQB-EBL are significantly higher than those for SB-EBL, and the
current leakage is greatly suppressed for MQB-EBL.

2. The internal quantum efficiency (IQE) for MQB-EBL can be
reached as high as 63.76% at the optimal Al composition of
15% in Al1�xGaxN barrier layer, Mg-doped concentration of
1�1018 cm�3, Al1�xGaxN barrier to GaN well thickness ratio
of 0.13, barrier–well-pair thickness of 8.5 nm, and number of
Al1�xGaxN/GaN pairs of 12.

3. The significantly reduced overflow of electrons by the optimal
band structure is responsible for the increased IQE for MQB-EBL.
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